Background. Controversy exists as to whether electric charges of plasma proteins influence their transport across the peritoneal membrane during CAPD. Fixed negative charges in the peritoneal membrane are diminished during peritonitis in rats. Methods. Peritoneal clearances of 10 proteins and their isoforms were assessed in CAPD patients. The most neutral proteins were used to establish the relationship between peritoneal clearance and molecular weight. The observed protein clearances were compared with the predicted clearances based on molecular weight. Clearances of proteins with different charge but identical size were compared. Stable patients and peritonitis patients were compared. Results. Only the peritoneal clearance of lipase, LDH 4/5 and IgG3 were significantly different from the predicted values (P^O.05). The peritoneal clearance of slightly anionic p 2 microglobulin (1072 ul/min) and cationic lysozyme (572 ul/min) showed no evidence for charge selectivity; neither did the peritoneal clearance of slightly anionic transferrin (86 ul/min) and highly anionic albumin (99 ul/min). The peritoneal clearance of IgGl, IgG2 and IgG4 were identical (32, 31 and 31 ul/min), despite their different charge. The peritoneal clearance of cationic LDH 4/5 was 137 ul/min and higher than the peritoneal clearance of neutral LDH 3 (97 ul/min, P = 0.0l) and anionic LDH 2 (65 ul/min, P=0.01) and LDH 1 (59 ul/min, P=0.02). These results suggested charge selectivity; however in five additional patients during peritonitis the peritoneal clearance of LDH 4/5 increased to 10 times the peritoneal clearance of LDH 1. Local LDH isoenzyme release from the cells present in the dialysate was shown to be responsible in stable and peritonitis patients. Likewise, the higher peritoneal clearance of neutral pancreatic amylase (234 ul/min) compared to anionic salivary
Introduction
Plasma proteins are present in the peritoneal effluent of CAPD (continuous ambulatory peritoneal dialysis) patients. This leads to a peritoneal protein loss that averages 5-10 g per day in stable patients [1, 2] , but can increase to 20 g during peritonitis [3] . Although this protein loss does not lead to overt depletion of specific proteins, adequate amino acid intake is required to avoid protein malnutrition. For the transport from the circulation to the peritoneal cavity, plasma proteins have to pass the peritoneal membrane. This transperitoneal protein transport was previously shown to be size selective [4] . Fixed negative charges have been reported to be present in the peritoneal membrane of animals not treated with peritoneal dialysis [5, 6] . These negative charges were reduced in rats during septic peritonitis [7, 8] . However, their importance in the transperitoneal transport of macromolecules is not established. Previously we found no indication that the electric charge of a macromolecule is a determinant of its transperitoneal transport rate [9, 10] . Other studies indicated that negatively charged macromolecules are retarded in their passage across the peritoneal membrane [11, 12] , but the opposite has also been found using neutral and charged dextrans [13] .
An attractive way to study the effect of electric charge in CAPD patients is the comparison of the clearances of proteins with identical or almost identical size and shape, but with different isoelectric points. The aim of the present study was therefore to determine the contribution of the electric charge of plasma proteins to their transperitoneal transport in stable CAPD patients and during peritonitis. This was done by comparing the peritoneal clearances of p 2 microglobulin and lysozyme, of pancreas-and saliva-amylase, of albumin and transferrin, of lactate dehydrogenase (LDH) isoenzymes, and of immunoglobulin G (IgG) subclasses. The clearance of lipase was used to assess a possible contribution of leakage of pancreatic enzymes from the pancreas.
Subjects and methods

Patients
Nine stable patients (3 females and 6 males; aged 22-69 years, median 50 years) were studied. They were treated with CAPD for 3-71 months (median 50 months). All patients were free of peritonitis during the study and in the 4 preceding weeks. In addition five patients were studied on the first or second day of an episode of bacterial peritonitis. On the basis of the first results in these patients, lysates were made from the cells present in the peritoneal effluent of five patients during peritonitis and five additional stable patients (night dwell).
Study protocol
The nine stable patients were studied during a 6-h dwell with commercially available dialysate (Dianeal R 2.27%, Baxter, The Netherlands), to which dextran 70 (Macrodex R ) 1 g/1 was added. Prior to the test, 20 ml of dextran 1 (Promiten R , NPBI, Emmercompascuum, The Netherlands) 150 mg/ml was given intravenously to prevent possible anaphylaxis to dextran 70 [14] . The peritoneal cavity was rinsed with dialysate before the test bag was instilled; after 6 h, the test solution was drained by gravity. Immediately following drainage, the peritoneal cavity was rinsed with a fresh dialysate solution (Dianeal R 2.27%), from which samples were drawn for the calculation of the residual volume.
Sample collection and analysis
An EDTA blood sample was obtained during drainage of the effluent and centrifuged immediately. A dialysate sample was centrifuged; the supernatant was concentrated 7-to 10-fold by means of positive pressure ultrafiltration using a 50-ml cell and a YM-10 membrane (Amicon Corp., Danvers, Massachusetts, USA). The molecular cutoff of this membrane is 10 kDa. All protein concentrations that were measured in the concentrated dialysate (total and pancreatic amylase, lipase, LDH isoenzymes, IgG, IgG subclasses, a 2 Concentrations of a 1 microglobulin, albumin, transferrin, IgG, and <x 2 macroglobulin were measured by a nephelometric method (BN 100, Behring). Antisera were obtained from Behring (Behringwerke, Marburg, Germany) except for antiIgG (Central Laboratory of the Blood Transfusion Service, Amsterdam, The Netherlands). p 2 Microglobulin was measured using a test kit for an IMX system (Abbott Laboratories, Illinois, USA). Lysozyme concentration was measured in an ELISA using a rabbit anti-lysozyme antiserum obtained from DAKO A/S, Glostrup, Denmark. Pancreatic and total oc-amylase were measured spectrophotometrically using a commercial kit (Boehringer Mannheim, Mannheim, Germany); salivary amylase activity was obtained by subtracting pancreatic from total amylase activity. Lipase was measured spectrophotometrically using a kit (Sigma Diagnostics, St Louis, USA). Two methods were used to measure IgG subclass concentrations: a nephelometric assay and a more sensitive ELISA; antisera were purchased from the Central Laboratory of the Blood Transfusion Service, Amsterdam, The Netherlands.
A Mono Q HR 5/5 anion exchange column (Pharmacia LKB, Uppsala, Sweden) was used to separate LDH isoenzymes. Plasma and concentrated dialysate samples were diluted three times with the equilibration buffer (50 mM tris/HCl, pH = 7.0); 1.0 ml was injected. Proteins were eluted from the column using a 0-500 mM NaCl gradient at pH 7.0 (flow=l ml/min). The eluate was collected in 40 0.5-ml fractions, in which LDH activity was measured by means of a lactate -» pyruvate reaction (Technicon Chemicals Company, Tournai, Belgium). LDH activities are expressed in arbitrary units. At this pH, four peaks are detected, as both LDH 4 and LDH 5 appear in the void volume. The activity per peak was calculated by adding the activities in the fractions forming the peak. Total dextran 70 determination was done by means of high-performance liquid chromatography [15] .
Cell lysates were made using the following protocol. A variable amount of dialysate was centrifuged (1200 r.p.m., 8 min.), yielding a clearly visible pellet. Cells were washed twice in NaCl 0.9%, resuspended in a lysis buffer (20 mM tris/ 150mM NaCl/ 1% Triton/ 1 mM phenylmethylsulphonylfluoride/ 2 mM EDTA) and placed at 4°C for 30 min. Then the lysate was mixed vigorously and centrifuged; the LDH isoenzymes in the supernatant were separated and detected as described above.
The coefficients of variation of the protein assays were 5% for p 2 microglobulin, 10% for lysozyme, 6% for a. x microglobulin, 7% for lipase, 0.5% for pancreatic amylase, 0.7% for total amylase, 3% for albumin, transferrin, total IgG, and <x 2 macroglobulin, 2% for LDH, 10% for IgG subclasses when measured with ELISA and 3-6% when measured with nephelometry.
Calculations and data analysis
The residual volume at the end of the dwell was calculated according to the indicator dilution method as described by Twardowski et al. [16] , using dextran 70 as the indicator molecule [17] . Peritoneal clearances were calculated by multiplying the protein concentration in the effluent after 6 h with the effluent volume and dividing the product by the protein concentration in plasma and the dwell time. The effluent volume was calculated by adding the drained volume and the residual volume.
Results are given as mean + SEM. Peritoneal clearances of the various proteins were compared using the Wilcoxon sign-rank test. For the clearances of the LDH isoenzymes and the IgG subclasses this was done only when the test for repeated measurements indicated that significant differences were present. Data from stable and peritonitis patients were compared using the Mann-Whitney test. The clearances of the most neutral proteins (P 2 microglobulin, transferrin, total IgG, and <x 2 macroglobulin) were used to establish the size selectivity of the peritoneum in every patient. This was done by calculating the power relationship between the clearances of the above proteins and their molecular weight: PC = a x MW S , in which PC is the protein clearance; a is a constant and s, the size selectivity, is the slope of the linear regression line that is present when PC and MW are plotted on a double logarithmic scale [4] . The predicted peritoneal clearance of each of the proteins was calculated on the basis of this regression line. The differences between observed and predicted clearance were tested by a modified / test [18] . This test takes the interindividual variability of the regression line into account.
Results
Plasma and dialysate levels of all proteins in stable patients and during peritonitis are given in Table 1 . As expected, plasma levels were not different between stable and peritonitis patients. Although all dialysate levels were higher in peritonitis patients than in stable patients, this difference was not statistically significant for (3 2 microglobulin (P=0.2) and IgG4 (P=0.13), possibly (partly) due to the limited number of peritonitis patients. The peritoneal clearances of the proteins and their isoforms in the nine stable patients are given in Table 2 . In Figure 1 the mean protein clearances are plotted against their molecular weight on a double a. 
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All patients were studied during a 6-h dwell with glucose 2.27%. IgG subclasses were measured by ELISA. clearance could not be calculated in six of the nine patients as the levels of IgG4 in concentrated dialysate were below the detection limit. Therefore we also measured IgG subclasses with ELISA. The clearances were somewhat lower than measured with nephelometry ( Table 2 ). The test for repeated measurements indicated that no significant difference was present between the clearances of IgGl, IgG2, and IgG4; the clearance of IgG3 was significantly lower. The clearances of the LDH isoenzymes were higher with increasing Pi ( Table 2 ). The differences between the isoenzyme clearances were significant except for LDH 1 vs LDH 2 (P = 0.41). Transferrin clearance was 13% lower than albumin clearance. Pancreatic and salivary amylase differed significantly in clearance (/> = 0.034). In two patients, salivary amylase was not detectable in plasma and/or dialysate; these patients were omitted from the analysis of amylase clearances. The peritoneal clearance of lipase, another pancreatic enzyme, was 362 ul/min and exceeded the clearance predicted on the basis of the regression line (P=0.05). The clearance of the highly cationic lysozyme was 47% lower than that of p 2 microglobulin. o^ Microglobulin, a negatively charged protein, somewhat larger than the former two, showed a peritoneal clearance that was not different from the clearance predicted on the basis of its molecular weight (P>0.05).
The peritoneal clearances of proteins during peritonitis episodes are shown in Table 3 . The relationship with molecular weight is given in Figure 2 . The median Pearson correlation coefficient between protein clearances and molecular weight in individual patients was The LDH isoenzyme clearances in stable patients suggested charge selectivity of the peritoneal membrane. In peritonitis the peritoneal clearance of the most cationic LDH isoenzymes, especially LDH 4/5, showed a spectacular increase. It was more than 10 times the LDH 1 clearance, suggesting local release. The cell population present in the peritoneal effluent was studied as a potential source of local LDH release. The relative contributions of LDH 1, LDH 2, LDH 3, and LDH 4/5 to the total LDH content of the cells present in peritoneal effluent were calculated for five stable patients (Figure 3 ), left panel) and five peritonitis patients (right panel). Assuming that charge selectivity plays no role in transperitoneal transport, the 1117 relative amounts of LDH 2, 3 and 4/5 in dialysate can be calculated that are attributed to local release. In these calculations LDH 1 was assumed to reach the peritoneal cavity exclusively by transperitoneal transport as the amount of LDH 1 in the lysates of the effluent was very low (Figure 3) , and as LDH 1 clearance was not different (P>0.2) from the LDH clearance predicted on the basis of the regression line. The part of the clearance of the other isoenzymes that exceeded the LDH 1 clearance was considered to be due to local release from cells. In Figure 3 the percentages of each of the LDH isoenzymes present in the lysates of cells in the effluent (open circles) are compared to the percentages of LDH 2, LDH 3, and LDH 4/5 in the dialysate that could be attributed to local release from cells (solid circles). In only one of the stable patients (left panel) LDH 3 and 4/5 contents differed largely in lysate and dialysate. During peritonitis the same pattern was seen as in the stable patients with regard to the distribution of the LDH isoenzymes in the lysed cells and in that of locally released LDH in the dialysate. It could be calculated from these data that a 22% lysis of the cells present in the effluent can account for the extra LDH clearance during peritonitis.
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The albumin/transferrin clearance ratio was not different during peritonitis (1.06 + 0.03) compared to the stable situation (1.17 + 0.04, P>0.05). The same was found for the pancreatic/salivary amylase clearance ratio: 1.65+ 0.24 during peritonitis and 1.48 ±0.19 in the stable patients (/>>0.05).
Discussion
Power relationships have been described between the peritoneal clearances of plasma proteins and their molecular weights [4] . The slope of the linear regression line that was obtained when both parameters were plotted on a double logarithmic scale, indicated that the peritoneal membrane constituted a size selective transport barrier to macromolecules. In the present study the regression line was drawn on the basis of the peritoneal clearances of proteins with isoelectric points close to neutrality. This enabled us to analyse the potential importance of electric charge in transperitoneal transport by comparing the observed clearances of charged proteins to the clearances predicted by the regression line and by comparing clearances of proteins with identical or almost identical size and shape but with different isoelectric points. During peritonitis, the slope of the regression line was less steep than in stable CAPD confirming older observations by our group [4] .
In the present study we used the molecular weight as an estimate of protein size although the Einstein-Stokes radius or the free diffusion coefficient is often considered to be better [19] . However, the radius of only some of the proteins used in this study is known: p 2 microglobulin 16 A, a t o microglobulin 28 A, amylase 29 A, albumin 36 A, transferrin 40-43 A, IgG 54 A and <x 2 macroglobulin 89 A. A linear relationship was present between the molecular weight and the radius of these proteins when plotted on a double logarithmic scale (r = 0.99; P = 2.45 x 10~5); none of the proteins deviated from this line. Therefore we considered the molecular weight an appropriate alternative, although we cannot rule out the possibility that one of the proteins with an unknown radius has a disproportionally small or large radius.
Clearances of highly anionic proteins such as albumin or tx l microglobulin and the clearance of the cationic lysozyme were not significantly different from the clearance expected on the basis of the molecular weight. Neither comparison of the clearance of transferrin with that of the negatively charged albumin, nor the clearance of p 2 microglobulin with that of the positively charged lysozyme provided evidence for charge selectivity of the peritoneal membrane. In both cases, the more cationic molecules (lysozyme, transferrin) appeared in the dialysate at a slower rate than the more anionic molecules. As lysozyme and transferrin have slightly greater molecular weights than their respective counterparts, their lower clearance can be attributed to the size selectivity of the peritoneal membrane. During peritonitis the relation between the clearances of albumin and transferrin appeared to be unaltered.
IgG subclasses measurement showed that no significant difference existed between the clearances of IgGl, IgG2 and IgG4, despite the differences in their isoelectric points. These results are in agreement with a previous pilot study in which no difference between IgG4/total-IgG ratios in serum and dialysate was found in five stable patients [9] . This shows that the peritoneal membrane does not retard the passage of the anionic IgG4 compared to the more cationic subclasses. The IgG3 clearance was lower than the clearances of the other subclasses and than the clearance predicted on the basis of its molecular weight. As IgG3 is cationic, charge selectivity of the peritoneal membrane cannot B. Buis et al.
be held responsible. Both results can probably be explained by the higher molecular weight (170 kDa) and the three-dimensional configuration of IgG3 [20, 21] . IgG3 has a large hinge region and therefore behaves as a protein with a disproportionally large radius compared to the other subclasses; in addition, the IgG3 molecule is especially susceptible to proteolysis.
LDH and amylase were the only proteins that suggested that the peritoneal membrane could act as a negatively charged barrier. In agreement with a study by Haraldsson [11] , we observed that LDH isoenzyme clearances were higher with increasing isoelectric points in stable CAPD.
Gotloib et al. [7, 8] showed in rats not treated with CAPD that the density of fixed negative charges was reduced during experimentally induced septic peritonitis. A reduction or disappearance of the differences between the LDH isoenzyme clearances in CAPD patients during an episode of peritonitis would therefore support the hypothesis that charge selectivity is responsible for the observed isoenzyme clearance pattern in stable patients. However, in five patients studied during bacterial peritonitis, an exceptional rise in the clearances of the most cationic isoenzymes was observed (LDH 4/5). This effect clearly cannot be explained by the charge selectivity hypothesis, and as the clearances of the cationic isoenzymes exceeded even the clearances of small proteins such as (3 2 microglobulin, local release from cells was likely to occur. Lysis of the cells (predominantly macrophages and neutrophils) present in effluents of stable patients and during peritonitis, revealed an isoenzyme content that corresponded to the isoenzyme pattern of the locally released LDH in the dialysate. As this local LDH release mimics the effect of charge selectivity, the LDH clearance pattern observed in the nine stable patients is likely to be caused by release of LDH isoenzymes from the cells in the effluent and not by charge selectivity.
The difference between the clearances of the neutrally charged pancreatic amylase and the slightly anionic salivary amylase clearance also suggested charge selectivity of the peritoneum. However, during peritonitis the difference in their clearances remained unchanged. Therefore, the possibility of direct 'leakage' from the retroperitoneally situated pancreas was investigated. This was hypothesized because the peritoneal clearance of amylase is markedly increased during pancreatitis in CAPD patients [22] . This possibility was supported by the observation that the clearance of another pancreatic enzyme, lipase, was markedly higher than expected on the basis of its molecular weight.
Charged dextrans cannot be applied in humans. Leypoldt and Henderson [13] compared the peritoneal transport of neutral dextran, anionic dextran sulphate and cationic diethylaminoethyl dextran in rabbits. In a 4-h dwell it appeared that the transport of cationic dextran was markedly lower than that of the other dextrans, suggesting that the peritoneal membrane would behave as a positively charged barrier. The authors hypothesized that the peritoneal interstitium could act as a cation exchanger and retard the passage of cationic macromolecules. This implies that whenafter an equilibration period-the peritoneal interstitium is saturated with macromolecules, the clearances of positively and negatively charged and neutral dextrans can be expected to reach identical values. Plasma proteins are endogenous substances and therefore the peritoneal interstitium is saturated with them. As a consequence, the cation exchange properties of the interstitium are unlikely to play a role in clearance studies of endogenous proteins.
A study by Galdi et al. in rats [12] provided evidence, although indirect, pointing towards a negatively charged peritoneal barrier. These authors reported that the dialysate/plasma ratio of total protein increased after intraperitoneal administration of protamine, a polycation. The increase was not found when heparin, a polyanion, was added to the dialysate. According to the authors this increase was the consequence of a selective increase of the clearance of negatively charged proteins such as albumin, due to neutralization of anionic sites in the peritoneum by protamine. But positively and negatively charged proteins were not measured separately. Moreover, no dextran clearance study was performed after administration of protamine or protamine/heparin. Therefore other possible effects of protamine that influence the protein clearance, such as an increase in the peritoneal blood flow, cannot be excluded, and definite conclusions cannot be drawn from this study.
From studies in the glomerular basement membrane it is well known that negatively charged membranes retard the passage of anionic macromolecules [23] . We were unable, however, to demonstrate a charge selective barrier function of the peritoneum during CAPD. A possible explanation could be the continuous exposure of the peritoneal membrane to unphysiologically high glucose concentrations. This could lead to impairment of heparan sulphate metabolism [24] with loss of charge selectivity [25] as is the case in diabetic nephropathy. When this hypothesis is correct, charge selectivity should be present shortly after the initiation of CAPD. We were unable to demonstrate charge selectivity in two non-diabetic CAPD patients treated for 4 days and 1 month (data not shown). This however, needs, further confirmation.
In conclusion we were unable to demonstrate any effect of the isoelectric point of plasma proteins on their transport across the peritoneum during CAPD. LDH and amylase isoenzymes are not suitable for the assessment of transcapillary transport to the peritoneal cavity, because the former are influenced by cell lysis and the latter by direct leakage from the pancreas.
